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A Single-Phase Rectifier Having Two Independent
Voltage Outputs With Reduced Fundamental
Frequency Voltage Ripples
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Abstract—Half-bridge rectifiers are able to provide two voltage
outputs, which offers three voltage levels, but the two voltage out-
puts depend on each other and also on system parameters. More-
over, the two voltage outputs contain large ripples because the
currents following through the split capacitors contain significant
fundamental-frequency components. In this paper, after analyzing
the drawbacks of half-bridge rectifiers in detail, an independently
controlled neutral leg is added to conventional half-bridge recti-
fiers to address these drawbacks. Furthermore, the associated de-
coupling control strategies are proposed. The rectification leg from
the conventional half-bridge rectifier is controlled to maintain the
dc-bus voltage and to draw a clean sinusoidal current that is in
phase with the supply voltage. The neutral leg is controlled with a
PI-repetitive controller to regulate one voltage output and also to
provide the current path for any dc and/or fundamental-frequency
components. As a result, the two voltage outputs are regulated in-
dependently and are robust against system parameters. The output
voltage ripples are also reduced, and hence, the required capaci-
tance to achieve the same level of voltage ripples is reduced. Ex-
perimental results are provided to validate the performance of the
proposed single-phase rectifiers having two independent voltage
outputs.

Index Terms—Half-bridge, independent voltage outputs, single-
phase rectifier, voltage ripples.

I. INTRODUCTION

UE to the penetration of renewable energy systems, more
D and more microgrids are connected to the public power
grid via power converters [1]. In both ac and dc microgrids,
ac is always rectified to dc when supplying dc loads and ac/ac
conversion often needs dc as an intermediate step. In many
circumstances [1]-[4], it is quite normal to have single-phase
utilities so single-phase rectifiers are very popular [5]-[9]. A
typical application of rectifiers is shown in Fig. 1, where it
is often needed to provide two separate voltage outputs with
the presence of a neutral line so that it is possible to power
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loads at three different voltage levels [10]. For example, many
electronic systems need +5 V and/or +15 V. Rectifiers based
on conventional half-bridge rectifiers, as shown in Fig. 2, are
very attractive because they can provide two voltage outputs at
relatively low costs.

However, the performance of the half-bridge rectifier could be
reduced because of two main drawbacks. First, the two outputs
are dependent on each other and also on the system parameters
such as loads, capacitors and the source voltage [7], [11]. Be-
cause of this, itis hard to obtain two independent voltage outputs,
which are expected to be the same or different from each other,
according to the requirements of the loads. Moreover, the regu-
lation range of the two outputs is limited by the ratio of the dual
loads (R, and R_). To be more precise, when operating with
dual loads, the output voltages completely depend on the ratio of
the dual loads. What is even worse is that, when operating with
only one of the dual loads, the half-bridge rectifier cannot work
properly. This is because dc capacitors are incapable of provid-
ing any dc currents. Moreover, as the source current is provided
by charging and discharging the dc capacitors, the resulting
large voltage ripples can be another serious problem and bulky
electrolytic capacitors are often needed to level and smooth
the ripples. However, for volume-critical and/or weight-critical
systems like electrical vehicles and aircraft power systems, it is
preferred to reduce the required bulky capacitors to enhance the
power density. For systems with batteries and fuel cells, large
ripple currents and ripple voltages could considerably reduce
the lifetime of batteries and fuel cells too [12]-[14].

For the first drawback, there is very few research contributing
to obtaining independent voltage outputs. Most of the previous
research was focused on balancing the two voltages. Two main
approaches have been reported in the literature. One of them is
done at the ac side either through injecting a dc component into
the ac input current [7] or through adding switches in parallel
with the ac source [8]. However, according to the IEEE 1547
standard, the maximum permitted dc bias in the grid current
is 0.5% of the rated value. Many other strategies can be found
in [15], most of which also focus on strategies at the ac side.
Although the voltage imbalance can be eliminated to some ex-
tent, these strategies suffer from low input power factor and/or
limited voltage regulation range determined by the ratio of the
dual loads. Another approach is done at the dc side through
adding balancing circuits, which are put across the dc bus, and
then, connected to the midpoint of the capacitors. In [10], a bidi-
rectional buck/boost converter composed of two switches and
two inductors was used for this purpose. Due to its topological
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Fig. 2. Conventional single-phase half-bridge rectifier.

structure, this strategy also benefits with the resolved shoot-
through problem. The circuit studied in [16]-[19] is shown to
have the capability of balancing two voltages and creating a
neutral line but it has not been applied to half-bridge rectifiers.

For the second drawback, it is worth noting that the volt-
age ripples in a half-bridge rectifier consists of a fundamental
component and a second-order component [11]. The fundamen-
tal one is due to the topological structure, which is an unique
feature for half-bridge rectifiers. On the other hand, the sec-
ond order one is caused by the pulsating input power, which is
a common feature for all single-phase rectifiers. The mixture
of these two components makes the output voltage ripples of
conventional half-bridge rectifiers much larger than that of con-
ventional full-bridge rectifiers. How to reduce the second-order
component of voltage ripples has been extensively studied for
different single-phase rectifiers [9], [20], [21]. However, to the
best knowledge of the authors, how to eliminate the fundamen-
tal component of ripples in half-bridge rectifiers has not been
reported in the literature.

In this paper, the main drawbacks of conventional half-bridge
rectifiers are analyzed in details at first. After that, the neutral leg
used in [16]-[19] and [22] is put across the dc bus, linking to the
midpoint of the split capacitors of conventional half-bridge rec-
tifiers, to form a new topology for single-phase rectifiers. With
the help of the neutral leg, the two voltage outputs become inde-
pendent from each other and robust against parameter variations
in loads and capacitors. Note that the two voltages can be differ-
ent or the same, which only depend on the load requirements.
What is important is that the difference of the two voltages
does not cause any problem to the input current regulation [11]

because of the decoupled control strategies adopted. This means
the total harmonic distortion (THD) of the input current and the
input power factor are not affected by the voltage difference
either. The unity power factor can always be achieved as well
because the input current can be easily controlled to be in phase
with the input voltage. Moreover, in order to obtain two inde-
pendent bidirectional dc output voltages, more than six active
switches are often needed but the proposed topology only needs
four active switches, which reduces the cost. This is probably
the topology with the minimum number of active switches to
form a bi-directional converter with two independent voltage
outputs that could supply three loads at the same time. Another
benefit of the topology is that the output voltage ripples can be
reduced because the fundamental current component that orig-
inally flows through the split capacitors can be diverted and
flows through the neutral leg. As a result, the required capaci-
tors become smaller in order to achieve the same level of voltage
ripples. Together with the rectification leg from a conventional
half-bridge rectifier, the formed rectifier consists of two legs.
The control of these two legs are independent, which makes the
design of control strategies very flexible. In this paper, a repet-
itive controller is designed to regulate the current drawn from
the grid so that the dc-bus voltage is maintained and a parallel
PI-Repetitive controller is designed for the neutral leg to achieve
excellent voltage regulation capability even with different loads
and/or different capacitors.

The rest of this paper is organized as follows. The drawbacks
of conventional half-bridge rectifiers are analyzed in detail in
Section II. In Section III, the topology of the proposed single-
phase rectifier is given. After that, operation principles of the
rectifier with a neutral leg are discussed in detail. The associ-
ated control strategies are developed in Section IV, with exper-
imental results presented in Section V. The proposed topology
is then compared with a two-stage rectifier that consists of a
power factor correction (PFC) converter and two dual-active-
bridge (DAB) converters in Section VI. Conclusions are made
in Section VII.

II. DRAWBACKS OF CONVENTIONAL HALF-BRIDGE RECTIFIERS

A. Average Circuit Model and Ripple Analysis

Assume that V. and V_ are the voltages across the capacitors
C, and C_, respectively. Then, the dc-bus voltage is

Voo = Vi + V.. (1
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Fig. 3. Average circuit model of the conventional half-bridge rectifier.

Also, assume the source current of the rectifier is regulated to
be sinusoidal as

iy = I sinwt 2)
and in phase with the source voltage
vy = Vg sinwt 3)

where V; and I; are the peak values of the input voltage
and current, respectively, and w is the angular line frequency.
In this case, the power factor is unity, which is preferred in
many applications. The average circuit model can be built as
shown in Fig. 3, according to [11]. The switches @)1 and Q)2
are replaced with a current source i;(1 — d) and a voltage
source Vpc (1 — d), respectively, where d is the duty cycle
of Q2. To the best knowledge of the authors, all the analy-
sis in the literature are based on the assumption that the split
capacitors are the same and/or the dual loads are the same
[71, [8], [11]. However, this assumption is hard to meet be-
cause the capacitors can easily become different due to their
inevitable degradation. Since the loads may be different too,
it is desirable that the two voltage outputs can be indepen-
dent even when different loads are connected [10]. For this
reason, detailed analysis about half-bridge rectifiers with dif-
ferent split capacitors and different loads is carried out in
the sequel.

In order to obtain the unity power factor, the two switches are
operated complementarily to track the reference source current,
which is in phase with the source voltage. As the switching
frequency is much higher than the line frequency, the duty cycle
of switch 5 can be given by

= sin wt 4)
Vbe fiYe

as demonstrated in [8] and [11]. According to the average

circuit model shown in Fig. 3, the capacitor currents can be

calculated as

. . L+ LDC
icy = is(1—d) ( N + P ) %)
ic. = —isd— (‘ + DEC> . (6)
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After substituting (2) and (4) into (5), there is

. V—IS‘ . SIS
oy = sin wt — cos 2wt
DC DC
VI \% %
B R 7
2Vbe Ry R
This can be rewritten as
—4+S . 919
iy = —— sinwt — —— cos 2wt
DC 2Wpe
v /v WV
t— (-5 (8)
Wwe \R- Ry

after taking into account the following power balance between
the ac side and the dc side when ignoring the losses

Vil — Vi LE V132C 9)
2 R, R_ R
Similarly, - can be obtained as
Vils s L
o = — ‘;];C sinwt — QVD cos 2wt

Vi (V4 Vv
— === . 10

- Vbe <R+ R) 1o

It is clear that there are a fundamental-frequency component, a
second-harmonic component, and a dc component in both cur-
rents. Because these are currents flowing through capacitors, the
dc components have to be zero; see the next section for more
details. The second-harmonic component is a common feature
existing in all single-phase rectifiers, which is caused by the
pulsating input power [5], [9], [21]. However, the fundamental
component is unique for half-bridge rectifiers. After integrating
the current ¢ and i _, it can be obviously seen that the peak—
peak fundamental-frequency voltage ripples over C; and C_ are

VoI Vi, : : ;
oo and ;75— respectively, which are at least four times
V_I, Vil

of the second-harmonic ripples because — T Voo 50 e
VoI S Vs I s 1

?md — Voo > 47 oo The Voltz.lg.e gpples canbe very.large

if C'; and C_ are small, and hence, it is important and desirable

to make sure that no fundamental component exists in the cur-

rent. The ripple ratio of the fundamental component is “//;&

and the ripple ratio of the second-harmonic component is g—’
o

B. Operational Limit Caused by Loads

According to (8) and (10), there is a dc component in
both currents. However, it is well known that no dc current
can flow through capacitors, and thus, the dc components

V. (L _ ‘L) and (V—+ — L) must be equal to 0,

Vbe R Ry Vbe R R_

which means the following condition:
V. Vv
- =— (11)
R, R_

must be satisfied. Hence, the voltages of the capacitors must be

in proportion to the ratio of the dual loads, i.e., “//—f = ZJ%, in

the same way as a voltage divider. Since V. + V_ = V¢, the



MING AND ZHONG: SINGLE-PHASE RECTIFIER HAVING TWO INDEPENDENT VOLTAGE OUTPUTS WITH REDUCED FUNDAMENTAL

Fig.4. Operation limit determined by the load ratio 11% and the voltage boost
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Also, V. and V_ should be larger than V; in order to ensure the

normal operation of the rectifier. As a result, the load ratio g—f
needs to satisfy the following condition:

1 R+ VDC

e 1SR W,

s

-1 (12)

where V&—C is the voltage boost ratio. This characterizes the
operationél limit of the rectifier, as shown in Fig. 4. For a given
voltage boost ratio, the load ratio can only be chosen within the
sector shaded by the red lines. This may considerably limit the
application of half-bridge rectifiers.

If only a single load R is connected, then Ry = R_ = +o0.
The condition (11) can be naturally satisfied because ;{% =

% = 0. In this case, the rectifier can be operated for any load R.
If only one of the dual loads R, and R_ is connected, then
one of ;—i and % is equal to O but the other one is not. As a

result, the condition g—t = % cannot be satisfied. This means
that the conventional half-bridge rectifier cannot work with only

one of the dual loads connected.

III. PROPOSED SINGLE-PHASE RECTIFIER
A. Topology

After a careful consideration of the aforementioned analysis,
it can be found that the current i is the key to solve all the
problems. First, if i¢ is not required to provide dc components,
then there is no operational limit caused by loads. Second, if
ic is free from providing the fundamental ripple current, then
the fundamental voltage ripples can be completely eliminated.
Third, if 7c can be regulated (without introducing any dc or
harmonics to the source current), then the two voltage outputs
can be controlled independently. Hence, another design free-
dom should be introduced to enable the regulation of ¢¢. For
this purpose, a current branch is designed by adding the neu-
tral leg proposed in [1] and [16] to the conventional half-bridge
rectifier in this paper. The formed topology is composed of a
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Fig. 5. Proposed single-phase rectifier with a neutral leg.

rectification leg and a neutral leg as shown in Fig. 5. The rectifi-
cation leg inherits the topology and functions from conventional
half-bridge rectifiers. The neutral leg is formed by two switches
(@3 and )4, an inductor and two split capacitors. The introduc-
tion of the neutral leg breaks the constraint on ¢ and solves the
drawbacks mentioned before.

It is worth noting that the two legs can be controlled inde-
pendently. The rectification leg can be controlled to regulate
the dc-bus voltage, which should be the sum of the two inde-
pendent voltage outputs, and to draw a sinusoidal current that
is in phase with the source voltage. This is quite matured now
so the emphasis of this paper is to control the neutral leg so that
the two voltages can be independent, with reduced ripples at the
fundamental frequency.

B. Model of the Neutral Leg

The midpoint (or average) of the dc bus is

V. -V_
Vave = e . (13)
2
According to Kirchhoff’s law, there is
di
uy :LN%JFRML (14)

where Ry is the equivalent series resistance of the inductor.
Define the currents flowing through the split capacitors are ¢
and i _, respectively. Then

i =icy — io- (15)
with
. avy
= Cy— 16
o+ T dt (16)
dv_
ic. = C_—. 17
ic 7 (17)
As a result, the dynamic equation of the dc-bus voltage is
dVpc _ dVy dVo
dt dt dt
1. .
= a'&(}.}r + EZC_
1 1 1
= | —+—=—)icy — =1 18
(C’++C_)ZC+ o lo (18)
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from which there is
e
icy = ——— (19)
ot
Hence, (16) can be rewritten as
dv, 1 “fs+gic
at  C, & + 4
C_.  dv 1
= DC ic. (20)
C,+C_ dt Cy+C-
Since Vpc =V, + V_, there is
v dVpc dVy
e dt dt
C dVi 1
_ + DC @1

C.+C_ dat C,tC @
Assume that the switching frequency is f and the switching
period is Ty, = 1/ f,. Define
1 when Q3 is on and ()4 is OFF
1= —1 when @y is on and Q3 is OFF.
Then, the corresponding voltage uy , together with its given g,
can be shown in Fig. 6. Denote the average of g over a switching
period by p. Then, p € [—1, 1] and the duty cycle for Q3 is
_1+p
=5

The average of uy over a switching period (assuming that V.
and V_ are constant within a switching period) is approximately

d

uy =dVi —(1=d)V- = EVoo + Vawe:  (22)

Combining (14), (20), (21), and (22), the model of the neutral
leg is shown in Fig. 7, where V;, = aci_gaVDc plays the role

of an external disturbance and p is the control variable.

C. Benefits

1) Removal of the Operational Limit on Loads: The neutral
leg provides the path for the source current i; and the im-
balanced current of the dual loads R, and R_. According to
Kirchhoff’s law, there is

ip =iy —ic — L. +1_. (23)
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If i¢ is maintained around 0, then the imbalanced current
I, — I_ will be provided by the neutral leg but not by the
split capacitors any more. The aforementioned operational limit
can then be naturally removed. The regulation of the i can be
done through controlling the control variable p as indicated from
the model of the neutral leg in Fig. 7. As a result, the proposed
rectifier can work properly no matter what kind of combinations
of loads are connected.

2) Reduced Voltage Ripples: From (23), it can be seen that
the return source current is provided by the neutral leg, but
not by the split capacitors. Hence, the fundamental component
of the voltage ripples on the split capacitors can be completely
eliminated and the voltage ripples on V.. and V_ can be reduced.

3) Provision of Independent Voltage Outputs: Assume the
references of the two independent dc outputs are V' and V7,
respectively, which could be the same or different as long as both
of them are higher than the peak value of the source voltage.
This is to ensure the boost operation of the rectifier. The dc-bus
voltage Vpc can then be maintained to be the sum of the two
independent outputs by controlling the rectification leg. In other
words, the reference for the dc-bus voltage should be set as

Ve =Vi4+ Ve (24)

According to the model of the neutral leg shown in Fig. 7, the
dc output V.. can be regulated via changing control variable p.
Then

V. =V} (25)

in the steady state, which also means
V.o =V*

Hence, both outputs can be controlled independently.

It is worth mentioning that controlling i = 0 does not nec-
essarily lead to V. = V because the integrator qcfﬁ (as
shown in Fig. 7) may cause the deviation of V., from its refer-
ence. As a result, when designing the controller for the neutral
leg, the regulation of both the current and the voltage should be
taken into consideration.

One question that arises naturally is that whether the different
voltages V. and V_ would cause problems to the input current
regulation. As stated previously, the rectification leg and the
neutral leg are independently controlled, and as a result, the
regulation of the input current only depends on the rectification
leg instead of both legs. Indeed, according to (4), the maximum
and minimum duty cycles of the two switches in the rectification
leg are

1
dmax = — (Vo + ‘/S
VDC( L+ V)
e = —— (Vi — V)
min — VDC + s/

Hence, dy,;, > 0 and dy, . < 1 can be achieved for any combi-
nations of V. and V_ that are higher than V; and the regulation
of the input current is not affected by the difference between V.,
and V_. The only effect of the voltage difference is that the dc
offset of the voltage Vp¢ (1 — d) across the switch @2, which is
the same as V_, is shifted from the midpoint of the dc bus but
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this does not cause any problem. To make it easy to understand,
the regulation of the input current is concerned about the dc-bus
voltage Vpc and it does not matter how this is split between
V. and V_, which is achieved by the neutral-leg controller. Be-
cause the rectification leg is independently controlled, the input
power factor and the THD of the input current can be regulated
as usual and are not affected by the difference between V. and
V_. Similarly, the effect of any possible dc component in the
input voltage is equivalent to the voltage difference between the
voltages across the two capacitors, and hence, is limited.

IV. CONTROL DESIGN

A. Control of the Rectification Leg

As analyzed before, one of the main functions for the rectifi-
cation leg is to regulate the dc-bus voltage. For this purpose, the
two dc voltage outputs should be measured for feedback. The
sum of them constitute the dc-bus voltage, which contains two
parts: a constant component and a ripple component. The con-
stant component should be equal to its reference value V| + V*
and the ripple one is normally smoothed by dc-bus capacitors
or active energy storage circuits [9], [23], [24]. The constant
component should be extracted from the dc-bus voltage for the
feedback. Otherwise, the ripple component is introduced into
the control loop, which reduces the performance, and hence,
should be avoided. Here, the hold filter

1 _e—Ts/Q
Ts/2

where 7' is the fundamental period of the supply, is used to re-
move the ripple component because the major ripple component
is at the second harmonic frequency. A PI controller can then
be used to maintain the dc-bus voltage as shown in Fig. 8(a).
In addition to the dc-bus voltage regulation, the rectification
leg is also responsible to make sure that the source current 7 is
clean and in phase with the source voltage v,. This reduces the
power pollution to the source caused by the rectifier. Considering
the power balance at the ac and dc sides, the output of the PI
voltage controller is set as the peak amplitude of the reference of
1. Apart from this amplitude information, the phase information
of the source voltage is also needed to form the reference source
current. This can be realized in many ways, e.g., with phase-
lock loops [25], [26], sinusoid-locked loops [1], or sinusoidal

H(s) =

Ys STA

o

l

Repetitive

Vi +V.
O Pl Controller

={PWM

1~

|

PI

0 Repetitive
PWM
Controller Q‘L

(b)

Fig. 8. Controller: (a) for the rectification leg; (b) for the neutral leg.
ie
— Kr
+
a)i —TaS
e
s+ o
Fig. 9. Repetitive current controller.

tracking algorithms (STA) [27]. Here, the STA proposed in [27]
is adopted. With the peak amplitude provided by the PI controller
and phase information extracted using the STA, the reference
source current ¢: is then formed. What is left now is to design a
current controller so that the current 7, tracks its reference.
Many current controllers, such as hysteresis controllers [28]
that have a variable switching frequency and repetitive con-
trollers [29] that have a fixed switching frequency, can be ap-
plied to track the current reference 7. Because of the excellent
harmonic rejection performance, the repetitive controller shown
in Fig. 9 is used, where ¢, = 7} — i is the current tracking error.



3668

The output of the repetitive controller is sent to a PWM gener-
ator to generate the PWM signals for the switches ()1 and Qs.
The repetitive controller consists of a proportional controller K,

and an internal model given by
K,
O = T

Stw;

where K, and 7; are designed based on the analysis in

[11, [29] as
1
7= 17— — =0.0196s
L%
Kr = wiLN

with Ly chosen close to the neutral inductance and w; =
2550, 7 = 0.02s.

B. Control of the Neutral Leg

As discussed previously, one of the main tasks of the neutral
leg is to maintain the current ¢¢ close to zero. For this purpose,
the current i should be measured as a feedback to form a
current controller. Again, the repetitive controller used in the
controller of the rectification leg is adopted here, as shown in
Fig. 8(b), to improve the tracking performance. The current
ic is sent to the repetitive controller as an error signal after
being subtracted from its reference, which is zero in this case.
If ic = 0, then 1;, =15 — [, + I_ is satisfied. As a result, the
function of the neutral leg, providing the return source current
and the imbalanced current, is achieved.

However, as can be analyzed from the model of the neutral
leg, V.. could be other values than V' even when i. = 0 because
of the existence of the integrator m As aresult, another
loop is required in order to independently control the two voltage
outputs. Because the rectification leg is controlled to maintain
the dc-bus voltage at V' + V*, itis only necessary to control V..
tobe V. This can be achieved by using a PI controller. Naturally,
V_ = V* can be achieved at the same time. Because this control
loop only works at the dc component and the controller that
regulates the current 7 only works at non-dc signals, these two
controllers can be put into parallel, as done in [1] and [16], by
adding the output of the PI voltage controller and the output of
the current controller together. The sum is then sent to a PWM
block to generate drive signals for Q3 and (4. The resulting
controller for the neutral leg is shown in Fig. 8(b).

V. EXPERIMENTAL VALIDATION

The proposed single-phase rectifier controlled by a
TMS320F28335 DSP was built up in the lab, with the parame-
ters shown in Table I. In order to demonstrate the independence
of the two dc voltage outputs, the three dc loads and split ca-
pacitors were chosen to be different on purpose (the capacitors
and inductors available in the lab were used so the selection of
parameters was not optimized). The coefficients of the PI con-
troller for the dc-bus voltage were chosen by trial-and-error to
be Kp = 0.05, K; = 2 and the gain of the repetitive controller
for the source current 7, was selected as K, = 5. In addition,
the parameters of the parallel PI voltage and repetitive current
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TABLE I
PARAMETERS OF THE EXPERIMENTAL SYSTEM

Parameters Values
Supply voltage (RMS) 110V
Line frequency 50 Hz

L, 2.2 mH

Ly 2.2 mH

(o 1120 uF

C_ 560 uF

R 1470 Q
Ry 470 Q

R_ 1000 ©

controller were selected as Kp = 0.1, K; =3 and K, =5,
respectively.

A. Steady-State Performance

1) With Three Loads R, = 470 ), R_ = 1000 §, and
R = 1470 : In this case, both the conventional half-bridge
rectifier and the proposed rectifier work but the performances
are completely different. The references of the output voltages
are set to V) = 300 V and V* = 200 V. For the conventional
half-bridge rectifier, the results are shown in the left column of
Fig. 10. Although the dc-bus voltage is around its reference’,
the source current is not sinusoidal. Although V| > V*, there
was V. < V_ in experiments because the two dc voltage out-
puts are determined by the loads R, and R_ and the voltages
are not regulated. There are noticeable ripples on both voltage
outputs, at the fundamental frequency. For the proposed recti-
fier, the results are shown in the right column of Fig. 10. The
source current is now sinusoidal; the two dc voltage outputs are
independently well controlled to be 300 and 200 V (produc-
ing a well-controlled dc-bus voltage around 500 V); the ripples
on both voltage outputs are much smaller and no fundamental-
frequency component is seen.

In order to further compare the ripples of the two cases, the
voltage waveforms are zoomed and shown in Fig. 10(c) and (d),
respectively. From the view of the frequency, it can be clearly
seen that the major component of the ripples is at 50 Hz for
the case of the conventional half-bridge rectifier and 100 Hz for
the case of the proposed rectifier. This is because all the 50-Hz
ripples have been diverted from the capacitors by the neutral
leg. From the view of the amplitude, the output voltage ripples
of the conventional half-bridge rectifier are 20 and 16 V, respec-
tively. According to (8) and (10), the theoretical ratio of the rip-

ple amplitudes are {‘//fgf ~ 1.32, which is approximately equal
20V

to the observed value BV = 1.25. As a result, the obtained
experimental results are consistent with the theoretical analysis.
After starting the neutral leg, the ripple amplitude values are
dropped from 20 and 16 V to 3 and 6 V, respectively, as shown

in Fig. 10(d). The ratio then becomes gy, = 0.5, which is the

same as the theoretical value % = 0.5. Note that in the pro-
posed rectifier, the ripple ratio is no longer dependent on the two

INote that the tolerance of the resistors and the errors in the sensors, etc.,
have caused some errors in the readings in the figures.
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Fig. 10.
(b) and (d) proposed rectifier (with the neutral leg).

output voltages but only on the capacitors. In order to clearly
show the ripple reduction performance, the voltage V is taken
as an example to extract its 50- and 100-Hz ripples from the
recorded experimental data with notch filters tuned at 50 and
100 Hz, respectively. For the conventional half-bridge rectifier,
the peak—peak values of 50 and 100 Hz ripples are 18 and 2.3V,
respectively. After starting the neutral leg, the peak-peak value
of the 50-Hz ripple is significantly reduced to 0.2 V, while the
100-Hz ripple remains more or less the same (because this is
not the focus of the paper and no extra effort is taken to deal
with the 100-Hz ripples).

In order to further demonstrate the capability of independently
regulating the two output voltages, two other experiments were
carried out for different voltage references V' =250 V and
V* =250 V and V; =200 V and V> =300 V, respectively.
The results are shown in Fig. 11. The two output voltages were
controlled independently very well.

2) With Only One Load R, = 470 €): Another experiment
was done to test the proposed rectifier when operated with ex-
tremely different loads. Only one of the dual load R = 470 Q2
was connected. Note that the conventional half-bridge recti-
fier does not work in this case so no experimental results can
be shown. For the proposed rectifier, the results are shown
in Fig. 12(a). The output voltages and the source current are
regulated very well, without any problem. Moreover, the neu-
tral current was also well maintained around 0 as shown in
Fig. 12(b), where the inductor current 77 is also shown. It
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Steady-state performance with three loads (V7 = 300 V and V* = 200 V): (a) and (c) conventional half-bridge rectifier (without the neutral leg);

contains a dc component. According to the analysis in Sec-
tion III, the inductor current 7;, should include a dc bias in this
case to offset the current difference between the dual loads R
and R_. Theoretically, the current difference should be

Vi V' 300

R, R_ 470

= 0.6383 A
R, R_

which is very close to the bias current 0.64 A observed from
Fig. 12(b).

3) Input Power Factor and Input Current THD: For all the
aforementioned cases with the same/different loads and/or volt-
age references, the THD of the input current is about 4.3% and
the input power factor is about 0.99, according to the recorded
data from experiments. This verifies that the regulation of the
input current is not affected by the voltage difference between
V, and V_. Note that the experimental system is not optimized
for power quality purposes because it is not the focus of this pa-
per. The synchronization unit STA, the hold filter H (s) and the
PI controller in the rectification-leg controller shown in Fig. 8(a)
could all bring harmonic components into the reference input
current. Moreover, the input filter, which is not optimized either,
plays an important role in the power quality as well. Hence, the
THD of 4.3% for the input current is already very good. It
could be improved if the aforementioned factors are taken into
consideration.
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Fig. 11.  Steady-state performance with three loads: (a) V' = 250 V and

VZ=250V;(b) Vi =200V and V* =300 V.

B. Transient Performance

In order to evaluate the transient performance, three cases are
given here as shown in Figs. 13—15. The first two were conducted
with the voltage references V) = 300 V and V* = 200 V. For
the third one, the dc voltage references were changed from
Vi=300Vand V*=200Vto V] =200V and V* =300V
as a step change.

1) Startup: In the first case, the controllers for the rectifica-
tion leg and the neutral leg were initially not in function. As a
result, the system was operated as a diode bridge rectifier, and
therefore, the source current is extremely distorted. Also, the dc
outputs were clamped at around 150 V, which is the peak value
of the source voltage. Note that the two voltages are slightly
different because of the different loads and capacitors. After
the controllers were activated, the two voltage outputs quickly
increased from 150 V to the reference values of 300 and 200 V,
respectively, as shown in Fig. 13. The neutral current i¢ was
regulated and settled down to nearly 0. This transient response
took about 400 ms, which can be reduced if the allowable max-
imum neutral current is increased (for the current system, it is
designed to be 16.66 A).
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Fig. 12.  Steady-state performance with only one load R, = 470Q (V' =
300 V and V* =200 V): (a) Output voltages, source current, and voltage;
(b) Neutral current i and auxiliary inductor current 7, .
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Fig. 13.  Start-up: DC outputs V. and V_ and neutral current i .
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2) Load Change: The second case was with a load change
and the result is shown in Fig. 14. All the three loads R,
R., and R_ were initially connected, and then, two of them,
R and R_, were suddenly cutoff from the system. Due to this
change, the dc outputs slightly increased, and then, went back
to the references without any spikes. The neutral current i was
always maintained around 0.

3) Change of Voltage References: The last case was the
change of the voltage references and the results are shown in
Fig. 15. It can be seen that the voltages are smoothly regulated
to their new references from previous ones. Again, the neu-
tral current is always around 0 without any noticeable changes.
The response time in the last two cases can be shortened by
increasing the allowable maximum neutral current.

VI. COMPARISON WITH A TYPICAL SOLUTION

It is not easy to identify a suitable topology for comparison
because of the functions integrated in the proposed topology.
After careful comparison of different topologies, the topology
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Fig. 16. DAB system used for comparison.

shown in Fig. 16 is adopted for comparison. It is able to pro-
vide two isolated dc output voltages in an independent way
and adopts the DAB dc/dc converter [30]—-[32] cascaded with a
front-end PFC converter, which are all very popular topologies.
It is possible to connect a third load to the dc bus of the PFC so
the system is able to supply three loads at the same time, which
is the same as the proposed topology. The DAB converters use
only two active switches in order to reduce the losses, and the
PFC rectifier only uses one switch so this system is not bidi-
rectional but the proposed topology is bidirectional. In order to
make this topology bidirectional, several more active switches
need to be added, which will reduce the efficiency. Hence, the
system shown in Fig. 16 is a good candidate for comparison
apart from the lack of bidirectional capability. The same pa-
rameters for the loads, capacitors, active switches, and diodes,
etc. are adopted for both systems. It is obvious that the cost
of the DAB system is much higher than that of the proposed
system for the same capacity, due to the extra high-frequency
transformer, the increased number of active switches (five more)
and diodes (nine more), and the extra dc-bus capacitor C'. If this
system is made bidirectional, the cost is going to increase fur-
ther. Moreover, the DAB system is much more complicated
and the reliability is lower because of the increased component
count.

In order to compare their efficiency, both the DAB system
and the proposed system were simulated with PLECS, which is
able to accurately calculate power losses. The simulations were
done with the same parameters for switches and diodes used
in both systems. The obtained efficiency curves are shown in
Fig. 17. Itis clear that the proposed system has higher efficiency
compared to the DAB system. This is expected because of the
number of switches in the proposed topology is much less than
that in the DAB system.

As to the complexity of the control, it is similar for both
systems. The control of the rectification leg has a similar level
of complexity to the control of the PFC, both with a current
regulator, and the control of the neutral leg has a similar level
of complexity to the control of the two DAB converters.
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Apart from the aforementioned aspects, it is also worth high-
lighting the important role of the neutral line provided by the
proposed topology. For applications like microgrids, a neutral
line is necessary if inverters need to supply unbalanced loads
and is also needed if both positive and negative voltages are
required by loads.

To sum up, as compared to the DAB system, the proposed sys-
tem has better performance, lower costs and higher efficiency.
To be fair, the dc outputs of the DAB system can be higher or
lower than the dc-bus voltage but the dc outputs of the proposed
system have to be lower than the dc-bus voltage. Hence, the
advantage of the proposed topology is obvious.

VII. CONCLUSION

A single-phase rectifier has been proposed as a unified solu-
tion to address the two main drawbacks of conventional half-
bridge rectifiers. The proposed rectifier consists of a rectification
leg and a neutral leg. The main functions of the rectification leg
are to draw a clean current that is in phase with the source volt-
age and to generate a stable dc-bus voltage. On the other hand,
thanks to the neutral leg, the two voltage outputs are independent
with each other and are robust against with system parameters.
In other words, the proposed rectifier has the capability of cop-
ing with different loads and different capacitors. Moreover, the
ripples of the output voltages are reduced because the fundamen-
tal ripple current is diverted from the capacitors by the neutral
leg. Although the capacitors used for experiments are not op-
timized, it is obvious that the capacitors can be reduced if the
level of the voltage ripples is same. Experimental results have
demonstrated the capability of the proposed rectifier. Moreover,
the comparison with a typical solution that adopts the popular
DAB dc/dc converter cascaded with a front-end PFC converter
has shown that the proposed topology offers better performance,
lower cost, higher reliability, and higher efficiency. A possible
improvement is to add shoot-through function to the topology
to improve the reliability, which will be reported in the future.
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